L neurons L1-3 of a lateral ocellus make both excitConsequently, the amplitude of a postsynaptic potenatory and inhibitory output synapses. The excitatory tial depends on the rate rather than the amplitude of synapses can sustain transmission indefinitely (Sima presynaptic depolarization. 
bound spike. When a step command was fed into the synapses are located on the stubby processes of the voltage clamp, the maximum speed at which membrane terminal arbors of L1-3 (Littlewood and Simmons, 1992;  potential depolarized at the independent recording elec- Figure 1A) , voltages recorded by the electrodes are trode was at least 70% of the speed at the voltage clamp close to those occurring at synaptic sites because the recording electrode. space constant of an L neuron is rather greater than the overall length of its axon (Wilson, 1978b; Ammermü ller, 1986; Simmons, 1986) . This is illustrated in Figure 1B ,
Synaptic Transfer Characteristics
The graded nature of transmission at an inhibitory synwhich shows that rebound spikes occurred simultaneously and with almost identical amplitudes at different apse between two L1-3 neurons is most readily demonstrated by eliciting a series of rebound spikes of different locations along the axon.
A two-electrode voltage clamp was used to control amplitudes in the presynaptic neuron (Simmons, 1999) . There is a clear relationship between the amplitude of the rates and amplitudes of voltage changes in the presynaptic neuron. In order to judge whether voltage a presynaptic spike and the IPSP it mediates ( Figure  2A ). However, I now demonstrate that it is not the amplichanges recorded by the recording electrode of the voltage clamp were the same as those occurring elsewhere tude of a presynaptic depolarizing potential that determines IPSP amplitude. Instead, a combination of two in the neuron, four experiments were conducted in which all three electrodes were inserted into the same L neuother factors is responsible. First, the rate at which postsynaptic membrane potential changes during growth of ron. Driving the voltage clamp with sinusoidal ( Figure  1C ) and step ( Figure 1D ) command signals showed that an IPSP is determined by the rate at which presynaptic potential depolarizes. Second, the time during which an the voltages measured through the recording electrode of the voltage clamp were, indeed, an accurate repre-IPSP can grow is strictly limited. Spike amplitude is related to IPSP amplitude because both depend on the sentation of changes occurring along the length of the L neuron axon. For a command sinusoidal waveform rate of presynaptic depolarization. The transfer characteristics of inhibitory synapses beof constant amplitude, the peak-to-peak voltage and current remained constant when frequency was intween L1-3 are illustrated by the recordings shown in reached its peak amplitude at a fixed time after it had started. In other words, the duration for which an IPSP These are from two experiments in which a presynaptic neuron was driven by ramp changes in voltage. In these grew was constant, independent of its rate of growth. This point is emphasized in Figure 2D , which shows experiments and a further three, artifacts caused by capacitative coupling between the electrodes were sufthe same IPSPs as in Figure 2C scaled relative to their maximum amplitudes. ficiently small to allow measurements to be made directly from original recordings. The conclusions drawn
The way that the amplitude of an IPSP depends on the rate rather than on the amplitude of a presynaptic from these experiments were supported by a further six in which a computer was used to subtract coupling depolarization is illustrated directly by the recordings in Figure 2E . This shows the averaged IPSPs mediated by artifacts from the original recordings.
The brief duration of an IPSP is illustrated in Figure 2B , two different speeds of ramp change in presynaptic potential, with two different amplitudes of ramp for each which shows that an IPSP mediated by a long-lasting, steady depolarization of the presynaptic neuron had the speed. For each speed, the larger presynaptic depolarization and the average IPSP it mediated are indicated same duration as an IPSP mediated by a presynaptic spike (Figure 2A corded using a single electrode in bridge balance mode. For a spike of a particular amplitude, the IPSP was first recorded using an amplifier in current clamp mode. Then presynaptic neuron. The rate of change in presynaptic potential was measured as the maximum slope during the IPSC mediated by an identical presynaptic spike was recorded by switching the amplifier to the voltage a depolarization (which usually occurred as membrane potential crossed dark resting potential). IPSP rate was clamp mode. Figure 4A shows typical recordings of an IPSP and an IPSC mediated by a presynaptic spike of measured as the average slope between 1/4 and 3/4 of maximum IPSP amplitude. For ramp depolarizations of the same amplitude. Figure 4B , which has a faster time base, shows the averages of five IPSPs and IPSCs in the presynaptic neuron, there was no direct relationship between the amplitude of a presynaptic potential and response to repeated presynaptic spikes. The time 5C are similar but with larger pulse amplitudes (and also faster rates of presynaptic depolarization). For each amplitude of presynaptic depolarization, the average IPSP had the same amplitude and shape for each pulse duration. Square depolarizing commands often elicited transient currents into the presynaptic terminal. These currents peaked at the same time as an IPSP started to grow (arrow, bottom traces in Figures 5A-5C) . However, the currents were not directly associated with the regulation of transmitter release because they were not recorded when the presynaptic neuron was depolarized with the shortest pulses, although these were fully effective at eliciting IPSPs (solid lines, Figures 5A-5C) .
The duration of an L neuron rebound spike was inversely related to its rate of rise and amplitude. However, the rise time of an IPSP was unaffected by spike duration. This is illustrated by recordings of individual spikes and IPSPs in Figure 5D . Raw recordings are on the left, and recordings scaled relative to maximum amplitude are on the right. The time for which an IPSP grew to its peak was independent of spike duration, which suggests strongly that neurotransmitter is only released during the depolarizing phase of a spike.
Recovery of Transmission after Depression
After producing an IPSP, the ability of an inhibitory synapse to transmit is depressed, and it recovers gradually over 1-1.5 s. The time course of recovery from depression is shown in Figure 6A , which plots the results of second IPSP (dotted line) than for the first (solid line). The rate at which the presynaptic neuron depolarized was the same for the two pulses. Rescaling each IPSP taken for the IPSP to change from 1/4 to 3/4 of its final amplitude was 2.8 ms, whereas the equivalent time for relative to its maximum amplitude ( Figure 6E ) showed that the time for which the two IPSPs grew was the the IPSC was 1.5 ms. This indicates that an IPSP that grew to its peak over 4 ms would be generated by an same-recordings of the first and second IPSP are parallel to each other, with the second IPSP beginning IPSC that grew over a period of 2.1 ms. The maximum period for which neurotransmitter could be released slightly later than the first. A synapse could recover its ability to transmit while was, therefore, 2.1 ms. The time to maximum amplitude of an IPSC did not change as presynaptic spike amplithe presynaptic neuron was held depolarized from dark resting potential (Figure 7 ). This observation was made tude varied. in four different experiments in which the presynaptic neuron was stimulated with pairs of depolarizing pulses.
PSPs Mediated by Brief Presynaptic Signals

A consequence of the brief duration for which neuro-
The length of the first pulse was either 40 ms or 600 ms, and the length of the second pulse was always 40 transmitter is active at these synapses is that the duration of a presynaptic depolarizing potential affects neims. Figures 7A and 7B show pairs of pulses in which the delay between the end of the first and start of the ther the amplitude nor the shape of an IPSP. This is shown for pulses under voltage clamp control in Figures second pulse was 200 ms. In Figure 7A , the first pulse was 40 ms long, and the second IPSP was smaller than 5A-5C and for rebound spikes in Figure 5D . In Figure  5A , three different durations of square command pulses, the first IPSP. In contrast, in Figure 7B , the first pulse was 600 ms long, and the second IPSP was about the all with the same amplitude, were used. Figures 5B and . Third, the amplitude of relative amplitude of an IPSP against the interval between pulses is shown in Figure 7C . For 40 ms long first an IPSP is independent of the peak amplitude of a depolarizing potential in the presynaptic neuron. Instead, the pulses, the synapse recovered from depression with a similar time course to that described earlier ( Figure 6A) . amplitude of an IPSP is determined by the combination of sensitivity to rate of presynaptic depolarization and However, following a 600 ms long first pulse, the second IPSP had an amplitude that was similar to that of an a strict limit to the duration of transmission. Naturally, a means to depolarize an L neuron rapidly IPSP produced after complete recovery from depression.
is provided by rebound spikes that are produced in response to rapid decreases in light intensity (Wilson, Discussion 1978b ). An effect of the IPSPs is to help ensure that any rebound spikes that the three L1-3 neurons produce are The inhibitory synapse between a pair of ocellar L1-3 synchronous. This will help to ensure a brief but strong neurons of locusts depresses remarkably rapidly and excitation to the third-order ocellar neurons that are profoundly. It also has a number of other properties that excited by L1-3 (Simmons, 1981 (Simmons, , 1993 (Maguire, 1999) . Synapses in the central nervous systems of invertebrates also exhibit depression. In the locust, for example, marked depression is reported at excitatory synapses made by mechanosensory afferents with local impulse-producing interneurons (Burrows, 1992). It is also reported at synapses between different motor neurons that control muscles of the hind leg (Parker, 1995). Neither the extent nor the speed of depression at these synapses matches the extent or speed of depression shown by the inhibitory synapses between L neurons. However, it is difficult to make a direct comparison, because at a synapse where transmission is normally mediated by large presynaptic impulses, the minimum interval between impulses is limited by the refractory period. At the synapses between mechanosensory afferents and interneurons, two impulses separated by 5 ms usually produced a longer-lasting PSP than that , 1995) . In insect and barnacle ocelli, injection of depo-1991). However, these currents are unlikely to terminate neurotransmitter release from L1-3 because PSP duralarizing current into a photoreceptor evokes brief PSPs in second-order neurons (Simmons, 1982b (Simmons, , 1995 Hay- tion was still brief when the voltage clamp was used to sustain a depolarizing step in a presynaptic neuron. The ashi et al., 1985). In locust ocelli, the speed of a ramp of depolarizing current injected into a photoreceptor voltage clamp would oppose any change in the sustained depolarization it produces. The same observation determines the amplitude of the postsynaptic response (Simmons, 1995) . also makes it unlikely that autoreceptors or additional synaptic circuits onto a presynaptic neuron are respon-L neurons 1-3 make different types of synapse that occupy opposite ends of a spectrum of dynamic propersible for limiting the duration of neurotransmitter release. Presynaptic calcium channels at the L1-3 synapse ties. In addition to the phasically transmitting synapses they make with each other, they make tonically transmitmight themselves be sensitive to the rate of change of presynaptic potential rather than to its steady state. ting synapses that can sustain transmission apparently indefinitely (Simmons, 1981 (Simmons, , 1993 
